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ABSTRACT
In commercial and industrial Heating, Ventilating, Air Conditioning & Refrigeration(HVAC&R) applications, single-
screw compressors have been widely used and proven to be efficient, reliable and economical in various operating
conditions and capacity ranges. The efficiency of single-screw compressor depends on several factors, including the
pressure ratio, volume ratio, and leakage flows as well as frictional, heat and mechanical losses. Thus, estimating
forces and moments play an important role with respect to reducing mechanical losses. It is also critical to the
reliability and safe operation of the machine. In this paper,a detailed mechanistic model of a 6-11 configuration single-
screw compressor is described. The model is used to investigate the impact of design changes on compressor
performance. The governing equations of conservation of mass and energy across the multi chambers of the
compressor as well as the overall energy balance is developed to solve the thermodynamic model to capture the
pressure and volume variation at different crank angles. The energy efficiency, mass flow rate and other compressor
performance indices are also calculated. The simulation results are validated using experimental data obtainedwith a
6-11 screw compressorwith R134a as the workingfluid under several different operating conditions.The mechanistic
model is achieved by implementation force and momentum balances on both the main rotor and starwheels to analyze 
the bearing forces, friction forces and rotor forces. The mechanistic model is integrated with thethermodynamic model
and implemented in the Python programminglanguage in the opensource simulation package PDSim.
1. INTRODUCTION 
Single-screw compressors are widely used and proven to be efficient, reliable and economical in vapor compression
systems. The concept of single-screw compressor was firstly introduced in 1960s (Vrinat, 1984) and thefirst working 
prototype of single-screw compressor was built in 1963 (Zimmern and Patel). After the first prototype, the single-
screw compressors have beenwidely used and largely developed in the following decades. There are several different
possible positions for the central rotors which leads to different configurations for the shapes and locations of the
starwheels (Masuda et la . 2013) The most common single-screw configuration is the Cylindrical-Plate type, which
uses the meshing betweena cylindrical central rotor and two planar starwheels.The central rotoris usually the prime
mover with6 grooves and driven by an electric motor. Two star rotors are equipped with 11 teeth and driven by the
central rotor. This is usually referred as 6-11 configuration. The screw-like grooves are formed by themeshing, which
gather vapors from the suction port, trap themin the pockets between thegrooves and compressor housing. With the
rotation of the rotor, the vapors are forced to the discharge port with decreasing in volume and increasing in pressure.
In compressor design process,detailed first-principle compressor simulationmodels are extremely useful in accurately
predicting the compressor performance and identifying improved compressor designs. There are several 
modeling 
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1580, Page 2
work focusing on single-screw compressor (van Male, 1978; Chan et al., 1981; Bein and Hamilton, 1982). More 
recently, model for single screw machine using an open source generalized simulation framework for positive
displacement (PDSim) has been employed to predict the expander performance (Ziviani et al., 2019). The geometry
analysis from the expander can be also used in the compressor.
In this paper, a  detailed model of a  single-screw compressor based on geometric parameters and a set of differential
equations employing PDSim framework is developed and validated based on the previously developed expander
model (Ziviani et al., 2019). Based on the model, a  detailed mechanical forces analysis is performed to capture the
pressure change, bearing force, reaction force and frictions of the central rotor and starwheels, which is important to
many benefits in operation including long working life, high volumetric efficiency, low leakage, low noise and low
vibration.
2. SINGLE SCREW COMPRESSOR MODEL 
The single-screw compressor modeled in this paper is a 6-11 configuration with a sliding valve for variable volume
ratio (VVR slide). The working fluid is R134a. The compressor model developed in the study is derived from the
well-known compressor model established by Bein and Hamilton (1982). The model was improved by Ziviani et al.
(2018) to have a more comprehensive description of the machine with increased complicity in chamber model, heat
transfer and energy balance. There are two sub-models: single-screw geometry model that calculates the volume 
change of the control volume and thermodynamic model that handles the thermodynamic relation, heat transfer and
energy balance. The general model descriptions and specific model modifications and improvements are briefly 
described in this section.
2.1 Geometry model
The main geometric characteristics can be found in Figure 1as well as the 3D CAD model of the single screw
compressor. The complete formulation of the geometry model can be found in Ziviani et al. (2014). The control 
volumes and porting for each chamber are calculated by polygon description of single-screw geometry. The groove
volume and surface are calculated by using the Green’s theorem on area and volumes on the intersections of central 
rotor polygon and tooth polygon. The portion of tooth engaged with the groove can be described analytically by
defining the coordinates of the four corner points, which represents the limits of the tooth engaged with the respective
groove, as shown in Figure 1. The discrete increment of the groove volume is given by the product of the engaging
tooth area𝐴𝐴 and the distance of its centroid from the main rotor axis at each rotation angle. The total groove volume
is calculated as a sum of each discrete volume increment as
V =∑ V ∑ A ci r∆θ (1)∆ =  
i i 
Figure 1: 3DCAD model of the single compressor assemblyand schematic of the single engaged tooth into the
mating groove
Note that this only work with increasing of the volume from 0 to 180° of rotation. The decrease of groove volumeis
done by subtracting the volume of the chamber on the other side of the rotor. As a tooth is disengaged, the grooveis
engaged on theopposite side of the rotor and as the rotation proceeds thegroove decreases its volume onone side and
simultaneously increases on the other side. With this approach, both starwheels are considered so that a complete
evolution of thegroove volume over one rotation of the rotor can be obtained. 
25th International Compressor Engineering Conference at Purdue,May 24-28, 2021
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Polygon approach is also used to determine the suction and discharge ports. The central rotor and the groove are
unwrapped into a 2D plane. The suction ports are determined by the through the polygon intersection by the shape of
the end of the groove. The length of leading and trailing edges can be determined at each crank angle. An improvement
has been made on the discharge ports to add the function of sliding valve. The intersection of the unwrapped groove
with the discharge port polygon determines the discharge port. Instead using a fixed port, a  four-point discharging 
port achieved from the sliding valve of the CAD file is used in the current model. When the valve slides, the
corresponding coordinates in the (Θ,z) reference system will change and create the new discharging port polygon
accordingly. As shown in Figure 2, it can be observed at the same rotation angle. with the increased opening of the
sliding valve, the discharging port polygon changes accordingly with a larger area. The discharging port which is the
intersecting area of the two polygons also increases. This also influences the starting and ending location of the
discharge process, which varies the volume ratio of the compressor. The PDSim model also has the capacity of
inputting a set of (x,y) coordinates of the true geometry of the sliding valve to achieve higher accuracy, which will be
necessary in the case of an irregular sliding valve geometry design. The (x, y) coordinates are the relative location in 
the unwrapped 2D plane with respect to the center of the screw rotor.
Figure 2: Groove polygon intersecting with sliding valve polygon in two different sliding valve locations
2.2 Thermodynamic Model
Thermodynamic model needs to be coupled with the previously described geometry model to solve the overall energy
balance. In order to accurately capture the compressor performance, the thermodynamic model includes calculation
flow paths, leakage flows, heat transfer and overall energy balance.
Flow paths are required to connect the different control volumes or inlet or outlet of control volumes within the
compressor. In a flow path, the upstream state is fully specified and, in general, the downstream pressure is known.
The flow path model is then used to predict the mass flow rate through the flow path. There is a  wide range of flow
models that can be employed for a flow path. Flow models are used to describe suction and discharge processes as
well as leakage flows. The flow model selected for a  particular flow path depends on the geometry, flow type, and 
other parameters such if the flow can be treated compressible flow or not. The flows associated with the suction and
discharges are assumed to be isentropic with a contraction flow coefficient. More detailed description of the flow
models and correlations can be found in Bell et al. (2013). The leakage flows are also calculated by the corresponding
flow models and correlations.
There are nine main leakage paths in a single-screw compressor as identified by Ziviani et al. (2019) and they can be
classified based on the starwheel or central rotor locations:
• Starwheel: tip; leading flank; leading flank blowhole; trailing flank; trailing flank blowhole; window. 
• Central rotor: leading thread land; trailing thread land; discharge end band 
The leakage flows are related to the geometry of the starwheel and rotor assembly, such as the contact lines between
the tooth and groove, the gap between the tooth and housing and the gap between the end rotor surface and the wall.
The gap sizes are either measured from the 3D CAD file or assumed to be zero due to the lack of data.
25th International Compressor Engineering Conference at Purdue,May 24-28, 2021
   
    
  
    
 
           
 
    
          
    
 
 
   
   







   
      
   
  





        
     
  
   
1580, Page 4
Heat transfer happens during the compression process due to the temperature difference in the control volumes.
However, since the structure of a positive displacement machine can be complicated, the temperature distribution
inside the shell is subjected to spatial and temporal variations. Studying the overall heat exchange network inside a
compressor or expander is of particular interest in order to accurately predict the performance of the machine.
Moreover, some of heat transfer phenomena such as heating up of the suction gas in a compressor can be critical with
respect to the decrease in volumetric efficiency. In order to simplify the overall heat transfer analysis, the spatial 
variations of temperatures within the different compressor elements are neglected which implies assuming that thermal 
gradients inside each solid or oil are relatively small compared to the average temperatures. It follows that
temperatures associated with each compressor elements are uniform at any instant during the transient process. Such
approach is usually referred to as the lumped capacitance method. By using the lumped capacitance method, a  lumped
temperature is assigned to each of the compressor components.
Both single-lumped temperature and multi-lumped temperature are adapted here. The single lumped temperature is a
simplified model that assumes a uniform temperature for all the compressor elements. It is effective in solving the
energy balance with reasonable accuracy. The accounted heat transfers in the single-lumped temperature are 
summarized here:
• Between compressed gas and lumped mass 
• Between lumped mass and the ambient 
After solving the model using single-lumped temperature model, the multi-lumped temperature model can be applied
to have a better understanding of the thermal loss and heat transfer inside the compressor. Each main component in
the compressor is considered as a lumped mass with a uniform temperature. The higher the number of elements
identified, the more complex the thermal network model becomes. For example, if considering the rotor housing, the
gas in the shell and the shell as three lumped mass, the corresponding heat transfers are shown in Figure 3 as thermal
resistance network. The thermal resistance and heat transfer correlation calculations has been thoroughly discussed in
Ziviani et al. (2018). Same method has been used in this paper.
- ------ T ambient 
~ Resist ance between two lumped mass 
----------
Figure 3: Thermal resistance network of the multi-lumped temperature model single-screw compressor.
Inside the compressor, in addition to the previously discussed heat transfer, there are also other mechanical or electrical
energy converted into thermal energy such as friction losses, motor losses etc. A steady-state lumped energy for each
of the lumped temperature can be obtained:
    (2)(Q , ,  − Qlump,out ,i ) +Qlump,gen +∑Wloss , j = 0∑ lump in i 
i j 
 where Q is the heat generated rate from the lumped mass (e.g., chemical reactions), and Q is the i-thlump gen, , ,lump in i 
heat transfer rate term calculated according to Figure 3. In all The thermodynamic properties of the working fluid are
provided using the CoolProp routines (Bell et al., 2014). The resulting system of equations is solved at the end of each 
working cycle by employing a modified Broyden method(Bradie, 2006) to ensure the overall energy balance.
25th International Compressor Engineering Conference at Purdue,May 24-28, 2021
   
    
    
          
   
    
  
   
  
   
  
   
     
      
  
        
  
 
    
  
     
    
   
    
        
        
   
 





3. MECHANISTIC FORCE ANALYSIS 
The single-screw compressor under investigationhas a 6-11 configuration which has symmetrical starwheel location
with balance hole connectingboth ends of the screw rotor. The main mechanical force that needs to be overcome by
the compressor driving mechanism is the rolling friction from the bearings that support the central rotor. Theoretically,
there is no axial force and radial force on the central rotor which is one of the major characteristics of the single screw
compressor. However, the weight of the screw rotor and overall shaft configuration (e.g., location of the motor) needs
to be balanced, but it is out of the scope of this work. Such favorable mechanical configuration of the single-screw
compressor yields to an efficient, quiet and reliable operation. The main challenges are associated with the wear of
the tooth engaging profile. In Ziviani et al. (2014), the mechanical analysis was performed by a simplified model 
considering the friction torque. In the present work, a detailed mechanistic force analysis is proposed and implemented
within the PDSim framework, which can accurately calculate the forces, torques and moments.
For the central rotor, the only existing force is the tangential force which is determined by the starwheel tooth 
meshing area in the groove and the corresponding gas pressure. It can be calculated as:
Fgi = Pgas , i • Amesh, i (3)
𝑃𝑃𝑔𝑔𝑔𝑔𝑔𝑔 ,𝑖𝑖 is the pressure at the corresponding tooth achieved from the calculation results and𝐴𝐴𝑚𝑚𝑚𝑚𝑔𝑔ℎ,𝑖𝑖 is the meshed area
of the same tooth. The tangential force direction is opposite to the direction of the pressure force. For each tooth with
meshing face, the pressure forces act on the centroid of the meshing area. The torque of the tangential force can be
calculated by multiplying the force with the distance from the centroid to the axial of the rotor, which is the work 
needed by the compressor.
The starwheel force analysis plays an important role single screw compressor design and manufacture. The wear on
the tooth surface increases the gap distance between the groove and tooth, which will lower the discharge volume and
efficiency. The reaction force and corresponding friction forces on tooth surface determines the wear and losses. In
order to investigate the surface wear and friction losses of the tooth, the detailed starwheel analysis is performed.
Figure 4: Free body diagram for the starwheel system including the axis AB and bearing
The starwheel system (including the axis and bearing) forces and moments balance is shown in Figure 4. The gas
force𝐹𝐹𝑔𝑔 equals to the gas pressure on all meshed teeth.
3 
Fg =∑ Fgi (4)
i=1 
where𝐹𝐹𝑔𝑔,𝑖𝑖 can be calculated in Equation 3. The normal force on the starwheelcan be calculated as:
25th International Compressor Engineering Conference at Purdue,May 24-28, 2021
   
    
  
          
   
    
      
  
 
       
       
     
  
 
   
 
     
           
        
     
      
   
  
            
     
      





where Fni has its three orthogonal decomposition as the tangential force Fti , radial force Fri and axial force Fzi .
Fti = 2T 2i / d 2 

Fri = Fti tanα (6)

 Fzi = 2T 1i / d1 
where𝑇𝑇1,𝑖𝑖 , 𝑇𝑇2,𝑖𝑖 are the torque acting on the screw rotor and starwheel; α is the helix angle on the meshing point; 𝑑𝑑1,
𝑑𝑑2 are the diameter of the screw rotor and starwheel. The torque on the screw rotor and starwheel is related by the 
transmission efficiency:
T 2 = T i1 ηm 
3 
T 1 =∑T 1i (7)
i=1 
3 
T 2 =∑T 2i 
i=1 
where𝑇𝑇1 is the total torque on the screw rotor and𝑇𝑇2 is the total torque of the starwheel; i is the transmission ratio
and ηm is the transmission efficiency assumed to be 0.87. Friction between the starwheel and the groove has a
significant effect on the tooth wear, which can be calculated with the normal force on the surface and friction 
coefficient at the surface:
3 
Ff = µ∑ Fni (8)
i=1 
When the starwheels operate in steady state, the force and moment balance must be achieved:
 T 2 = MfA + MfB 

 −FAi − Fr + FB1 = 0 (9)

FB2 + Fz − Fg − mg = 0 
3
∑FriFr =  MfA = FfArA
  FfA = FA1µ Ai=1with , and  (10)  23 MfB = FfBrB + rB2µB2FB2 FfB = FB1µB1 Fz = ∑ Fzi  3
i=1 
where 𝐹𝐹𝑓𝑓𝑓𝑓 and 𝐹𝐹𝑓𝑓𝑓𝑓 are the friction forces at the bearings and𝑀𝑀𝑓𝑓𝑓𝑓 and𝑀𝑀𝑓𝑓𝑓𝑓 are the corresponding friction torques at
the bearings; 𝑟𝑟𝑓𝑓 and𝑟𝑟𝑓𝑓 are the radius of the bearing;𝐹𝐹𝑓𝑓1, 𝐹𝐹𝑓𝑓1, 𝐹𝐹𝐶𝐶1 are the reaction forces at the bearings; 𝜇𝜇𝑓𝑓1, 𝜇𝜇𝑓𝑓1, 𝜇𝜇𝐶𝐶1 
are the friction coefficients at the corresponding locations; 𝑚𝑚 is the mass of the starwheel system.
By referring to Figure 4, if point A is considered to balance the moments (B can also be selected to run the
calculation), the moment balance of the system is given by:
F  dz 2 F L  (11)FB1LAB + − Fgrc − r A = 0 
2 
where 𝐿𝐿𝑓𝑓𝑓𝑓 is the distance between A and B; 𝐿𝐿𝑓𝑓 is the distance from A to the top tooth surface of the starwheel; 𝑟𝑟𝑐𝑐 is 
the radius of the circle where the centroid of the meshed face is. The gas pressure at each rotation angle needs to be
calculated firstly as input to the mechanistic analysis. Equations (3) to (11) represent a system of equations with equal
number of variables and equations. Thus, the system is determined and can be solved.
25th International Compressor Engineering Conference at Purdue,May 24-28, 2021
   
 
  
        
     
        
    
   
     
   
    
      
       
       
       
       
       
     
      
    
 
      
       
      
 
 
     
      
     
 
 
    
    
  
         
         
        
       
     
       
  
          
          
   
       
   
    
1580, Page 7
4. RESULTS AND DISCUSSION 
4.1 Model Validation
A semi-hermetic single-screw compressor with a 6-11configuration and sliding valves was testedat various working
conditions including different pressure ratios and volume ratios. The working fluid of the compressor is R134a and 
the experimentaloperating condition is reported in Table 1. Note that at these different testing conditions, the pressure
ratio varies in the range 1.14-6.91, indicating that the sliding valve location is changed to have proper volume ratios
to minimize over-compression losses.. In the experiment, the superheat and subcooling are also controlled. The mass
flow rate, volumetric efficiency and isentropic efficiency are measured and calculated. The actualvalues of these are
not reported in the paper but the normalized value will be reported for validation purpose.. 
Table 1: Experimental testing data for the given single screw compressor with R134a as working fluid
Test case: A B C D E
Suction Temp. oC 1.7 4 5 5 0
Discharge Temp. oC 51.7 50 38 16.9 68
Suction Pressure kPa 311.5 337.9 349.9 349.9 293
Discharge Pressure kPa 1376 1319 963.7 519.2 2025
Pressure Ratio - 4.42 3.90 2.75 1.48 6.91
The experimental data was used to validate the mechanistic model. The input parameters were set as suction
temperature, suction temperature superheat and discharge pressure. The mass flow rate, volumetric efficiency, and
overall isentropic efficiency have been predicted and compared with the experimental values. After the initial results
with no tuning done on the model was achieved. The model was tuned by modifying the parameters that are guessed,
including gap sizes, friction coefficients, etc. A summary of the results is shown in Table 2.
Table 2: Error in simulation results of mass flow rate, volumetric efficiency, and overall isentropic efficiency
Case: A B C D E
No
tuning
Mass flow 0.46% 0.28% 6.48% -0.09% 13.83%
Volumetric eff. 3.39% 3.18% 2.92% 2.77% 17.06%
Isentropic eff. 12.10% 10.51% 2.27% -44.92% 53.87%
With
Tuning
Mass flow -3.11% -2.07% 6.74% 2.31% 3.09%
Volumetric eff. -1.30% -0.25% 2.14% 4.17% 4.94%
Isentropic eff. -9.76% -1.56% 7.40% -17.57% -0.78% 
The corresponding percentage error plots of the mass flow rate, volumetric efficiencyandoverall isentropic efficiency
are shown in Figure 5. And the parity plot of the normalized mass flow rate is shown in Figure 7. It can be observed
that without tuning, the model can predict the compressor performance under five different operating conditions
relatively accurately. Forall three parameters, the model over-predictedthe values with only one under predicted data
point in the prediction of isentropic efficiency because not all the possible losses and leakages were considered and 
calculated with given information. In the untuned model, when assumptions were used to achieve values such as gap
size, friction coefficients, among others, conservative numbers were selected based on the experience. The errors also
vary largely with different cases. Forinstance, test conditions A, B and C were predictedmore accurately than cases
D and E. The isentropic efficiency in case Dand E hada significant error. The mass flow rate and volumetric efficiency
of case E also had a relatively large error. The main reason is the extreme pressure ratio applied in the experiment,
where the sliding valve has been modified to adjust the volume ratio achieved by the compressor. In order to address
these errors, we further tuned the model to capture the actual compression process. The leakage paths, gap sizes 
are 
25th International Compressor Engineering Conference at Purdue,May 24-28, 2021
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modified. More importantly, the slider valve openings are adjusted to achieve the reported volume ratio in the test for 
each operating conditions. The tunedmodel predicted all five conditions more accurately. It can be seen in Figure 5, 
the tuned results showed good consistence in predicting all three parameters. Most of the error is within 5% with only
a few outliers. Nevertheless, the validation indicates that the model can predict the performance at different operating
conditions. To improve the accuracy of the model, future tuning can be performed along with gathering additional
physical information about the compressor.
Figure 5: Percentage error of the mass flow rate, volumetric efficiency and isentropic efficiency of the results
Figure 6: Parity plots of the normalized mass flow rate 
25th International Compressor Engineering Conference at Purdue,May 24-28, 2021
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1580, Page 9
Figure 7 Transit results: P-V diagram of the PDSim simulation in all five cases(Volume is normalized)
4.2 Transient Results with Force Analysis
The model can also predict the transient trends of the compression process and instantaneous force variations with
respect to the rotation angle. These transient results can provide helpful insights on the compression process, which 
helps the design process and balance the loads. The calculated indicateddiagrams are shown in Figure 7. The discharge
and suction pressure of each operating conditions are indicated by dash lines accordingly. The indicated diagrams
provide information regarding theposition of theslider and possible compression losses. The suctionprocess starts at 
a  pressure slightly lower than the suction pressure and continues until the groove volume achieves its maximum. After 
suction closure, as the screw starts to rotate, the groove volume decreases and the pressure increases, until it reaches
the discharge port. It can be seen in the different cases that the in-chamber pressure reaches discharging pressure at
different volumes, which indicates the sliding valve is needed to adjust the volume ratio according to the pressure
ratio. The discharge process starts once the compression chamber is exposed to the discharge port, where the 
pressure 
25th International Compressor Engineering Conference at Purdue,May 24-28, 2021
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will balance while the volume continues to decrease, until the discharging process finish. This completes a whole
compression process for one chamber and for 6-11 compressor. However, six chambers will go through same
compression process in one complete rotation of the screw rotor. The model is able to track all the chambers for a 
complete working cycle. Most of the models reported in the literature are limited to the closed compression process.
By analyzing the P-V plots, there are two pressure overshoots that can be observed. The first one happens the moment
preceding the opening of the compression chamber to the discharge cavity and the amplitude of the overshot is dictated
by the location of the sliding valve that can create a mismatch between pressure ratio and volume ratio. The second
overshot happens at the end of the compression process where the groove is reaching the minimum volume that 
represents a dead volume in which the gas is being compressed before opening to suction on the other side of the
screw rotor. Since the model can capture these phenomena, it can be used to further optimize the discharge port and
also the timing of the compression process at different operating conditions by adjusting the slider with a feedback
controller or model-based controller.
Figure 8 Transient results: chamber gas forces and totalgas force change with crank angleand starwheel
torque forces and friction torque forces at end A and end B
The forces of the single screw compressor have also been analyzed. Due to the similarity in different operating
conditions, case A was selected as an example to show the detailed force analysis. Figure 8 shows the gas forces for 
each chamber and total gas forceacting on one side of the screw rotor with one star-wheel. The other side of thescrew
rotor has same results according to symmetry. With solved gas forces, the reaction forces, torques, friction forces and 
friction torque can also be calculated. The torques at the starwheelas well as the friction torques at both ends are
shown in Figure 8. It can be seen that the friction torque at end B follows the change with gas force while the friction
torque at end A stays relatively constant. The total torqueat the starwheel equals the sum of the friction torques. This
is consistent with the analysis as indicated inFigure 4. The reaction force at end B balances the gas forcealong z-axis
while reaction force at end A is not directly determined by the gas force. The estimated torque forces can guide the
design of the bearings and material selection. The bearingat the shaft end B should be stronger than thebearing at the
shaft end A to resist the higher friction torque with larger variation.
5. CONCLUSIONS 
In this paper, a  comprehensive model of a 6-11 configuration single-screw compressor has been presented and 
validated. By using the polygon approach, a geometry model has been built with variable volume ratio (VVR slide)
enable with sliding valve. A detailed mechanical force analysis is performed focusing on the force and momentbalance
on the starwheel system. The model is validated with experimental data obtained at five different operating conditions.
The model predictions show good agreement (within 20%) for all the performance indices. Further investigation of
the detailed measurements taken with the studied compressor at different slidingvalve locations can further improve
the model accuracy. The force and torques measurement should also be considered for thevalidation of the mechanical
force analysis. 
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NOMENCLATURE
𝐴𝐴 area 𝑚𝑚2 










































𝜇𝜇 friction coefficient -
∆𝑉𝑉 incremental groove volume 𝑚𝑚3 
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